Background {#Sec1}
==========

Plant environmental stresses include drought, salt, extreme climate and oxidative stress, which seriously threaten food security and agricultural production. Due to global climate change, the environmental stress on plants will be increased over the next few years \[[@CR1]\]. However, most crops, such as wheat, rice and tomato, are sensitive to drought stress. Therefore, it is necessary to study the stress resistance of crop plants and to adapt plants to a stressful growth environment \[[@CR2]\].

For a long time, GAPDH has been used as a housekeeping gene in gene expression analysis \[[@CR3]\]. The GAPDH gene family is conserved across different living organisms, and the family of genes plays a vital role in carbon metabolism in the cell \[[@CR4]\]. In plant cells, GAPDH participates in glycolysis and the Calvin cycle in different forms and in different locations \[[@CR5]\]. GAPDHs are classified into three groups according to their different subcellular locations in plant cells, namely, GAPA/B, GAPC and GAPCp, and the functions of these proteins in some plant growth mechanisms have been revealed \[[@CR6]--[@CR8]\]. Some studies have shown that GAPDH acts as a non-glycolytic functional protein. GAPDH appears to have suitable properties to behave as an oxidative stress sensor in plant cells, and this function has no relationship with its classical glycolytic role. In Arabidopsis, oxidatively modified cytoplasmic GAPDH has been successfully used as a tool to investigate the role of reduced glutathione, thioredoxins and glutaredoxins in the control of different types of redox post-translational modifications \[[@CR9]\]. The aggregation of GAPDH in the cytoplasm, which may be induced by oxidative stress, was associated with cell death \[[@CR10]\]. Similarly, in the pea plant, GAPDH was also associated with programmed cell death and seed ageing \[[@CR11]\]. In addition, several studies have shown that GAPC is also involved in signal transduction when plants are suffering from abiotic stress. In Arabidopsis, cytosolic GAPC participates in the signal cascade induced by ROS by interacting with H~2~O~2~ \[[@CR12]\]. In Arabidopsis GAPC mutants, an imbalance of amino acids and carbohydrates leads to impaired ABA signaling, which subsequently affects ABA signaling pathways and the primary metabolism of plants \[[@CR13]\]. GAPC1 relocated to the nucleus as result of oxidative stress-induced signal transduction where it performed its secondary functions when plants were suffering from cadmium treatments \[[@CR14]\]. Furthermore, different types of redox modifications of GAPC in Arabidopsis could help control the flexibility of GAPC function, allowing it to participate in diverse cellular processes and pathways \[[@CR15]\]. In Arabidopsis, GAPC1 translocated into the nucleus in a process mediated by SINAL7 which had a positive effect on vegetative growth, thereby reducing the flux of glycolytic pathways in the cytoplasm, and performing non-glycolytic functions in the nucleus \[[@CR16], [@CR17]\]. A deficiency in GAPC activity could improve the seed numbers and embryo development by modifying carbon flux and mitochondrial dysfunction, suggesting that *GAPC1* is vital to normal fertility in Arabidopsis plants \[[@CR18]\].

In wheat, four types of GAPDHs (gapA/B, gapC, gapCp and gapN) including 22 *GAPDH* genes were identified, and qRT-PCR results indicated that *GAPDHs* showed different expression levels under the conditions of several abiotic stresses \[[@CR19]\]. However, the potential roles of wheat *GAPC* genes in response to abiotic stress including drought have not been evaluated. Here, we showed that *TaGAPC1* positively regulated drought stress tolerance in Arabidopsis. A WRKY transcription factor TaWRKY40 in wheat was screened by a yeast one-hybrid system. An electrophoretic mobility shift assay (EMSA) confirmed that TaWRKY40 could directly bind to the *TaGAPC1* promoter. The expression level of *TaGAPC1* was significantly higher under drought stress in wheat protoplast cells with instantaneous overexpression of *TaWRKY40* than in wild type wheat protoplast cells. These results demonstrated that TaWRKY40 may positively regulate the *TaGAPC1* expression. The high expression level exhibited by TaWRKY40 may be an important clue to investigate the secondary functions of TaGAPC1.

Results {#Sec2}
=======

Expression profile of *TaGAPC1* in response to abiotic stress and subcellular localization of TaGAPC1 {#Sec3}
-----------------------------------------------------------------------------------------------------

To clarify potential functions, the responses of *TaGAPC1* to various abiotic stress conditions were analyzed by qRT-PCR (Fig. [1](#Fig1){ref-type="fig"}a). The results showed that *TaGAPC1* expression increased to a maximum level of approximately five-fold after 6 h of PEG treatment. *TaGAPC1* gene responded to ABA, with the peak level (more than 9-fold) occurring after 4 h of treatment. *TaGAPC1* showed response to H~2~O~2~ stress, peaking at more than 7-fold. These results indicated that the transcriptional level of *TaGAPC1* was significantly affected by abiotic stress. In addition to seeds, *TaGAPC1* was highly expressed in almost all tissues including roots, stems and leaves (Fig. [1](#Fig1){ref-type="fig"}b). Fig. 1*TaGAPC1* expression in response to abiotic stresses in wheat and protein localization. **a** Time-course expression of *TaGAPC1* in in wheat. **b** Tissue-specific expression pattern of *TaGAPC1* in wheat. 1 and 2 Two-leaf stage (leaf and root), 3 and 4 Tillering stage (leaf and root), 5 and 6 Jointing stage (leaf and root), 7 and 8 Heading stage (leaf and root), 9 Seed. Error bars indicate ±SD (*n* = 3, from three technical replicates). Significant differences were assessed with one-sided paired t-tests (\*, *P* \< 0.05; \*\*, *P* \< 0.01). Three biological experiments were performed, which produced similar results. **c** TaGAPC1 is localized in the nucleus and cytoplasm of wheat protoplast cells, TaWRKY40 is localized in the nucleus of wheat protoplast cells. Bars, 100 μm

To further investigate the biological activity of TaGAPC1, fused *TaGAPC1*-GFP was transiently expressed in wheat protoplasts. In Fig. [1](#Fig1){ref-type="fig"}c, the wheat protoplast expressing 35S::*TaGAPC1*-GFP showed clear green fluorescence in the cytoplasm and nucleus. These results indicated that TaGAPC1 was located in both the cytoplasm and nucleus. The subcellular localization of TaGAPC1 was also consistent with previous reports that MeGAPCs \[[@CR20]\], NbGAPCs \[[@CR21]\], and AtGAPCs \[[@CR22]\] have some nuclear localization.

TaGAPC1 can enhance drought tolerance and stimulate H~2~O~2~ scavenging in transgenic Arabidopsis plants {#Sec4}
--------------------------------------------------------------------------------------------------------

To determine whether *TaGAPC1* gene is important for drought stress tolerance, we evaluated drought stress response in transgenic Arabidopsis plants overexpressing *TaGAPC1* gene (1014 bp) under the control of the strong 35S promoter. Arabidopsis plants overexpressing TaGAPC1 gene showed TaGAPC1 expression using pr1 and pr2 primer pair, and TaGAPC1-GFP fusion genes using the pr1 and pr3 primer pair, but no expression was observed in wild type (Additional file [1](#MOESM1){ref-type="media"}: Figure S1B and S1C) Transgenic lines expressing *TaGAPC1* showed a higher survival rate than Col-0 (wild type) after 25 days of withholding water. The contents of RWC and chlorophyll in the OE1--3 and OE1--10 lines were also higher than Col-0 after 15 days of drought stress (Fig. [2](#Fig2){ref-type="fig"}). Arabidopsis plants deficient in GAPCs were less sensitive to ABA-promoted stomatal closure than the Col-0 plants under drought stress \[[@CR16]\]. Thus, we speculate that stomatal closure may be related to the increased drought tolerance observed in Arabidopsis plants overexpressing *TaGAPC1*. Expanded leaves from Arabidopsis plants after 15 days of drought stress were measured to determine the guard cell stomatal aperture. The guard cells of OE1--3 and OE1--10 were dramatically changed and the stomatal apertures of OE1--3 and OE1--10 were smaller than those of Col-0 plants (Fig. [3](#Fig3){ref-type="fig"}). These results indicated that *TaGAPC1* actively respond to plant drought stress. Fig. 2*TaGAPC1* responding to drought stress treatment in Arabidopsis. **a** Tolerance responses of the *TaGAPC1*--overexpressing (OE1--3 and OE1--10) lines to drought stress. Drought 15 d, withholding water for 15 d; Drought 25 d, with holding water for 25 d; R7 d, resumption of water for 7 d after withholding water for 25 d. **b** Survival rates of *TaGAPC1*--overexpressing (OE1--3 and OE1--10) transgenic lines, Col-0 and VC plants on day 7 after resuming water following the withholding of water for 25 d. At least 100 plants were counted and averaged for each line. **c** The chlorophyll content of Col-0 and *TaGAPC1*--overexpressing (OE1--3 and OE1--10) lines after withholding water for 15 d. **d** The MDA content of Col-0 and *TaGAPC1*--overexpressing (OE1--3 and OE1--10) lines after withholding water for 15 d. (E) RWC of Col-0 and *TaGAPC1*--overexpressing (OE1--3 and OE1--10) lines after withholding water for 15 d. Error bars indicate ±SD (*n* = 3, from three technical replicates). Significant differences were assessed with one-sided paired t-tests (\*, *P* \< 0.05; \*\*, *P* \< 0.01). Three biological experiments were performed, which produced similar results Fig. 3Analyze of stomatal aperture size. **a** Images of stomatal apertures from epidermal peels of Col-0 and *TaGAPC1*--overexpressing (OE1--3 and OE1--10) lines after withholding water for 15 d. Scale bars: 10um. **b** The stomatal aperture size was determined by measuring the width to length of stomates in epidermal peels from Col-0 and *TaGAPC1*--overexpressing (OE1--3 and OE1--10) lines after withholding water for 15 d. Error bars indicate ±SD (*n* = 50). Significant differences were assessed with one-sided paired t-tests (\*, *P* \< 0.05; \*\*, *P* \< 0.01). Three biological experiments were performed, which produced similar results

The overproduction of reactive oxygen species (ROS) is toxic to cellular processes and can disrupt the electron transport chain \[[@CR23]\]. Thus, we detected ROS accumulation and physiological differences. NBT was used to test the level of O^2−^ in leaves after withholding water for 15 days. The leaves of OE1--3 and OE1--10 all had the weaker staining than those of Col-0 Arabidopsis (Fig. [4](#Fig4){ref-type="fig"}). Consistently, the H~2~O~2~ content of OE1--3 and OE1--10 were also lower than that of Col-0 after withholding water for 15 days. In plants, POD can scavenge H~2~O~2~ by hydroxylation. After withholding water for 15 days, the activity of POD was higher in *TaGAPC1-*overexpressing plants than in Col-0 plants. In addition, the activity of SOD, another antioxidant enzyme that catalyses the dismutation of the superoxide (O^2−^) radical into H~2~O~2~, also showed a similar pattern in transgenic plants after withholding water for 15 days (Fig. [4](#Fig4){ref-type="fig"}). These results indicated that *TaGAPC1* promoted ROS scavenging by modulating the activity of antioxidant enzymes, such as POD and SOD. Fig. 4*TaGAPC1* promote hydrogen peroxide (H~2~O~2~) scavenging in response to drought stress. **a** O^2−^ accumulation in Col-0 and *TaGAPC1*--overexpressing (OE1--3 and OE1--10) lines after withholding water for 15 d. O^2−^ was indicated by NBT staining. **b**--**d** H~2~O~2~ content, superoxide dismutase (SOD) and peroxidase (POD) activity in Col-0 and *TaGAPC1*--overexpressing (OE1--3 and OE1--10) lines after withholding water for 15 d. Error bars indicate ±SD (*n* = 3, from three technical replicates). Significant differences were assessed with one-sided paired t-tests (\*, *P* \< 0.05; \*\*, *P* \< 0.01). Three biological experiments were performed, which produced similar results

TaGAPC1 promoter activity analysis {#Sec5}
----------------------------------

To further understand the regulation of *TaGAPC1* under abiotic stress, a 1500 bp promoter was cloned and analyzed by PLANTCARE and NEWPLACE. Bioinformatics analysis indicated that there were multiple cis-acting elements related to stress tolerance, such as MYB, W-BOX and other components (Fig. [5](#Fig5){ref-type="fig"}a). The promoter was fused to the PC0390 vector to drive GUS enzyme activity. As shown in Fig. [5](#Fig5){ref-type="fig"}b, the GUS staining results indicated that the promoter had activity in tobacco. The luciferase assay in the instantaneous transient tobacco line showed that the activity of the *TaGAPC1* promoter was significantly enhanced under abiotic stress. These results were consistent with the above results (Fig. [1](#Fig1){ref-type="fig"}). These observations suggested that *TaGAPC1* may be involved in the abiotic stress signal transduction of plants. Fig. 5Activity of *TaGAPC1* promoter after PEG8000, ABA and H~2~O~2~ abiotic stresses. **a** cis-elments of *TaGAPC1* promoter. **b** Histochemical staining of *TaGAPC1* promoter in transiently transformed tobacco leaves. P: positive control (CaMV 35S promoter); WT: wild type. **c** Analysis of RLUC activity for *TaGAPC1* promoter in transiently transformed tobacco leaves in response to stress. Error bars indicate ±SD (*n* = 3, from three technical replicates). Significant differences were assessed with one-sided paired t-tests (\*, *P* \< 0.05; \*\*, *P* \< 0.01). Three biological experiments were performed, which produced similar results

TaWRKY40 can interact with the TaGAPC1 promoter in vivo and in vitro {#Sec6}
--------------------------------------------------------------------

To gain more insight into the *TaGAPC1* - mediated drought response, we identified the proteins that interact with the *TaGAPC1* promoter through a genome-wide yeast one-hybrid screen with a cDNA library. Through selection on SD/-Leu + AbA medium and DNA sequencing, 33 proteins were identified as candidate proteins that interact with *TaGAPC1* promoter (Additional file [4](#MOESM4){ref-type="media"}: Table S2). Among the 33 potential candidate proteins, TaWRKY40 was of the great interest. Recent studies have shown that WRKYs could take part in several signal transduction pathways involved in plant abiotic stress. The W box (T/CTGACC/T) is the targeted cis-element of the WRKY transcription factor \[[@CR24]\]. There are six putative W box elements in the *TaGAPC1* promoter. To examine which W box is the targeted cis-element of TaWRKY40, six *TaGAPC1* promoter fragments containing the W box (Additional file [3](#MOESM3){ref-type="media"}: Table S1), as shown in Fig. [6](#Fig6){ref-type="fig"}a, were cloned into the bait vector of pAbAi, and the coding sequence of *TaWRKY40* was cloned into the prey vector of pGADT7. After co-transformation into yeast for the Y1H assay, we found that TaWRKY40 activated the *TaGAPC1* promoter constructs (− 708\--836, − 290---426, − 160\--289) in yeast, as evidenced by the growth of the transformant clone in on selective SD/-Leu + AbA medium (Fig. [6](#Fig6){ref-type="fig"}). Fig. 6*TaWRKY40* directly binds to the promoter region of *TaGAPC1*. **a** Schematic diagram of the probe used for Electrophoretic mobility shift assays (EMSA). Probe1, 2, 3, 4, 5 and 6 contain W-box, whereas in the probe1--1, 2--1, 3--1, 4--1, 5--1 and 6--1, the W-box core sequence was mutated. The mutated bases are indicated in red. **b** Schematic diagrams of the effector and reporter used for transient transactivation assays in tobacco. **c** Yeast one-hybrid confirm the interaction. **d** Transactivation activity reflected by RLUC activity of RLUC/FLUC ratio. Pro35S: GUS was used as an internal control. Quantification was performed by normalizing Firefly luciferase activity to that of Renilla luciferase. **e** *TaWRKY40* binding specific W-box motifs by EMSA. Error bars indicate ±SD (*n* = 3, from three technical replicates). Significant differences were assessed with one-sided paired t-tests (\*, *P* \< 0.05; \*\*, *P* \< 0.01). Three biological experiments were performed, which produced similar results

To further determine whether the TaWRKY40 protein directly bound to the *TaGAPC1* promoter in vitro, we performed electrophoretic mobility shift assays (EMSA) using a promoter fragment of approximately 40 bp as a probe. The results showed that TaWRKY40 could specifically bind to these W box in *TaGAPC1* promoter fragments (− 708\--836, − 290---426, − 160\--289) in vitro (Fig. [6](#Fig6){ref-type="fig"}). We subsequently carried out a dual luciferase reporter assay in tobacco leaves with reporter and effector constructs to examine TaWRKY40-activated *TaGAPC1* promoter activity in vivo. As shown in Fig. [6](#Fig6){ref-type="fig"}, the *TaGAPC1* promoter was strongly activated by TaWRKY40. This finding clearly suggested that TaWRKY40 could specifically and directly bind to the W box(C/TTGACC) of the *TaGAPC1*promoter.

H~2~O~2~ is required for the ABA-induced TaGAPC1 gene expression by PEG8000 treatment {#Sec7}
-------------------------------------------------------------------------------------

To detect whether the upregulation of *TaGAPC1* under PEG treatment involves the H~2~O~2~ signaling pathway, DMTU was chosen to inhibit of H~2~O~2~ \[[@CR25]\]. Wheat plants were pretreated with DMTU for 6 h to stop the production of H~2~O~2~, followed by PEG8000 treatment for 6 h. Figure [7](#Fig7){ref-type="fig"}a shows that *TaGAPC1* was induced by PEG (4.61-fold) and H~2~O~2~ (6.93-fold) treatment, consistent with the results in Fig. [1](#Fig1){ref-type="fig"}a. Treatment with DMTU reduced the fold increase to 2.11-fold at 6 h after the PEG treatment (Fig. [7](#Fig7){ref-type="fig"}a). Treatment with DMTU had no effect on the expression of *TaGAPC1* (Fig. [7](#Fig7){ref-type="fig"}a). These results suggested that the upregulation of *TaGAPC1* by PEG8000 treatment possibly involved the H~2~O~2~ signaling pathway. Fig. 7Effects of inhibitors of ABA and H~2~O~2~ on the *TaGAPC1* transcription under PEG8000 treatment. **a** Effects of pretreatment with inhibitor of H~2~O~2~ on the expression of *TaGAPC1* in the leaves of wheat seedlings exposed to PEG8000. **b** Effects of pretreatment with inhibitor of ABA biosynthesis on the expression of *TaGAPC1* in the leaves of wheat seedlings exposed to PEG8000. **c** Effects of pretreatment with inhibitor of H~2~O~2~ on the expression of *TaGAPC1* in the leaves of wheat seedlings exposed to ABA treatment. Error bars indicate ±SD (*n* = 3, from three technical replicates). Significant differences were assessed with one-sided paired t-tests (\*, *P* \< 0.05; \*\*, *P* \< 0.01). Data in Fig. 7 were derived from experiments that were performed at least three times with similar results, and representative data from one repetition were shown

To explore whether the upregulation of *TaGAPC1* under PEG8000 treatment involves the ABA signaling pathway, tungstate was chosen to inhibit of ABA biosynthesis \[[@CR26]\]. Wheat plants were pretreated with tungstate for 6 h followed by PEG8000 treatment. These results clearly showed that *TaGAPC1* was induced at 6 h after the treatment with PEG8000 (4.61-fold) and ABA (6.53-fold) (Fig. [7](#Fig7){ref-type="fig"}b), which was in line with the results in Fig. [1](#Fig1){ref-type="fig"}a. Pretreatment with the inhibitor of ABA inhibited the upregulation of *TaGAPC1* in the PEG8000-treated wheat seedlings (Fig. [7](#Fig7){ref-type="fig"}b). There was no obvious difference in the expression of *TaGAPC1* after treatment with tungstate (Fig. [2](#Fig2){ref-type="fig"}a). These results implied that the upregulation of *TaGAPC1* by PEG8000 possibly involved the ABA signaling pathway.

To establish a link between the production of H~2~O~2~ and the expression of *TaGAPC1* in the ABA signaling pathway, wheat plants were pretreated with DMTU, a scavenger for H~2~O~2~, for 6 h, and then exposed to ABA treatment for 6 h. The experimental results showed that pretreatment with DMTU dramatically abolished the expression of *TaGAPC1* induced by ABA (Fig. [2](#Fig2){ref-type="fig"}c), suggesting that H~2~O~2~ was required for the ABA-induced upregulation in *TaGAPC1* expression*.*

The expression of TaGAPC1 is regulated by TaWRKY40 in the ABA signaling pathway {#Sec8}
-------------------------------------------------------------------------------

To further investigate the biological activity of TaWRKY40, fused *TaWRKY40*-GFP was transiently expressed in wheat protoplasts. In Fig. [1](#Fig1){ref-type="fig"}c, the wheat protoplast expressing 35S:: *TaWRKY40*-GFP showed clear green fluorescence in the nucleus. These results indicated that TaWRKY40 was located in the nucleus. Similar to *TaGAPC1*, the transcription level of *TaWRKY40* was also enhanced in wheat in response to abiotic stresses (10mMH~2~O~2~, 100 μM ABA and 20% PEG8000) (Additional file [2](#MOESM2){ref-type="media"}: Figure S2). This finding indicates that *TaGAPC1* and *TaWRKY40* may be involved in a similar signaling pathway. To investigate whether *TaWRKY40* is also involved in the ABA-induced upregulation of *TaGAPC1* expression, wheat protoplasts with transiently overexpressed *TaWRKY40* were used. The relative expression of *TaGAPC1* was significantly higher in the wheat protoplasts of transiently overexpressing *TaWRKY40* than in the control wheat protoplasts. Furthermore, the ABA-induced increase in *TaGAPC1* expression in the control protoplasts was also advanced by the overexpression of the *TaWRKY40* gene under conditions of ABA and mannitol stresses (Fig. [8](#Fig8){ref-type="fig"}). These results indicate that these *TaWRKY40* genes are crucial for the ABA-induced upregulation in *TaGAPC1* expression. Fig. 8*TaWRKY40* gene regulates the expression of *TaGAPC1* in wheat protoplast. The transient overexpression of *TaWRKY40* promoted the ABA-induced expression of *TaGAPC1* in wheat protoplasts. The protoplasts were treated with 100 uM ABA, and the relative expression levels of *TaGAPC1* were analyzed by real-time quantitative RT-PCR. Data in Fig. 8 were derived from experiments that were performed at least three times with similar results, and representative data from one repetition were shown

Discussion {#Sec9}
==========

As a functional conserved enzyme in the cytoplasm, GAPC is involved in the glycolytic pathway of plants, oxidizing glyceraldehyde 3-phosphate to 1,3-diphosphoglycerate. In the past, many studies have focused on the gene expression regulation of plant *GAPDHs*. In Arabidopsis, *GAPC* could be induced by extreme climate and drought stress. In rice, the overexpression of *OsGAPC3* could enhance the salt tolerance \[[@CR27]\]. *GAPC* participated in the PA-mediated salt stress responses of Arabidopsis roots \[[@CR28]\]. The overexpression of *GAPC* could enhance the drought tolerance of potato (*Solanum tuberosum*) plants \[[@CR29]\]. Consistent with previous results in other species \[[@CR30], [@CR31]\], the transcription of *TaGAPC1* was significantly induced under PEG, H~2~O~2~, and ABA stress (Fig. [1](#Fig1){ref-type="fig"}). Furthermore, the OE Arabidopsis lines had a marked developmental advantage over the WT plants; the survival rate of the OE plants was significantly higher than that of the WT plants after a 25-day drought treatment (Fig. [2](#Fig2){ref-type="fig"}). Above all, these results indicate that GAPC is not only the final product of the plant drought resistance pathway, but also an intermediate plant resistance signal due to its specific function and high expression level under abiotic stress conditions.

In general, the association of ROS homeostasis with oxidative stress is well known. Therefore, adjusting ROS homeostasis is necessary to protect plants against the oxidative stress caused by abiotic stresses. Plants have developed mechanisms for eliminating ROS, including the production of enzymatic and nonenzymatic antioxidants. Major enzymatic antioxidants include peroxidase (POD), superoxide dismutase (SOD), catalase (CAT) and ascorbate peroxidase (APX) \[[@CR23]\]. It has been reported that GAPC could be a target of H~2~O~2~ \[[@CR12]\]. In this study, the decreased levels of H~2~O~2~ and O^2−^ under drought stress in transgenic plants compared with WT plants implied that the ROS scavenging systems of transgenic plants might be more efficient than those of WT plants. Antioxidant enzymes were analyzed, and the activities of SOD and POD were higher in the transgenic lines than in the WT line under drought stress. These results suggested that the overexpression of the *TaGAPC1* gene protected plants against ROS injury by integrating with H~2~O~2~ and enhancing the activation of the antioxidant defence system. When plants suffer from environmental stress, bacterial infection or hormone stimulation, the guard cell signal transduction process is rapidly activated to optimize the ability to absorb CO~2~ and to reduce moisture loss by adjusting stomatal movement \[[@CR32]\]. Oxidized GAPC interacts with phospholipase D, increasing the amount of phosphatidic acid, which induces stomatal closure \[[@CR26]\]. Consistent with these facts, our preliminary results indicated that the stomatal aperture of the lines overexpressing *TaGAPC1* is smaller than that of wild type under drought condition. (Fig. [3](#Fig3){ref-type="fig"}).

Many plant regulators are involved in signal transduction networks during plant growth and development, such as the WRKY transcription factor \[[@CR33]\]. *TaWRKY40*, a member of the WRKY family, was identified to interact with the *TaGAPC1* promoter by the yeast one-hybrid assay. The WRKY transcription factor is one of the largest families of transcription factors in plants \[[@CR34]\]. When plants are exposed to several stresses, the expression of some WRKY transcription factors is rapidly induced thereby regulating the response to various stresses by participating in several signaling pathways \[[@CR35], [@CR36]\]. In Arabidopsis, high temperature treatment induced the expression of *AtWRKY25* and *AtWRKY26*. The overexpression of *AtWRKY25* and *AtWRKY26* enhanced tolerance to heat stress \[[@CR37]\]. In wheat, the transcription of *TaWRKY70* was significantly increased under high temperature conditions, as well as under ethylene, salicylic acid and cold (4 °C) stress conditions. In addition, *TaWRKY33* plays a key role in ABA- and drought-responsive signaling networks \[[@CR38]\]. Consistent with these reports, the expression of *TaWRKY40* was also increased when wheat was exposed to abiotic stress. The results in Fig. [8](#Fig8){ref-type="fig"} indicate that *TaWRKY40* is crucial for the ABA-induced upregulation in *TaGAPC1* expression. Therefore, when plants are subjected to abiotic stress, *TaWRKY40* bound to the *TaGAPC1* promoter and enhanced promoter activity to increase the *TaGAPC1*gene expression level in the ABA signaling pathway.

Conclusions {#Sec10}
===========

In conclusion, this study revealed that the *TaGAPC1* gene was involved in resistance to abiotic stress and probably the encoded protein acts as a multifunctional protein in addition to its pivotal role in glycolysis. When wheat was subjected to abiotic stress, the inducible transcription factor *TaWRKY40* could bind to the *TaGAPC1* promoter to positively regulate the expression level of *TaGAPC1*gene via the ABA signaling pathway, thereby increasing the stress tolerance of plants under abiotic stress. Future studies investigating the activation mechanism and characterizing *TaGAPC1* in wheat will improve our understanding of this intricate regulatory network and the molecular mechanisms underlying plant abiotic stress, in which GAPCs are involved (Fig. [9](#Fig9){ref-type="fig"}). Fig. 9Working model for *TaGAPC1* in response to drought stress. The expression of *TaWRKY40* is induced by drought stress, then, *TaWRKY40* directly bind to the *TaGAPC1* promoter to positively regulate the expression level of the *TaGAPC1* gene by H~2~O~2~-dependent ABA signaling pathway, thereby increasing the tolerance of plant to drought stress. Among them, (+) represents promotion. Straight lines represent direct effects and dashed lines represent indirect effects

Methods {#Sec11}
=======

Plant materials and treatments {#Sec12}
------------------------------

Wheat (*Triticum aestivum* L.cv. Chinese Spring), tobacco (*Nicotiana tabacum*, cv. NC89) and *Arabidopsis thaliana* (ecotype, Columbia) were used in this study. All seeds were provided by the laboratory of Professor Xi ping Deng of Northwest A&F University. Seeds were grown in a phytotron, which was maintained at a photosynthetic photon flux density (PPFD) of 600 μM m^− 2^·s^− 1^ and 22/23 °C day/night temperature with 16 h light/8 h dark cycles.

The seedling roots were dipped into a solution of 20% PEG8000, 10 mM H~2~O~2~ and 100 μM ABA to examine their response to abiotic stress. All the tissues were sampled at 0, 2, 4, 6, 8, 12 and 24 h. For inhibitor or scavenger treatment, the plants were pretreated with 1 mM tungstate for 6 h and then exposed to 20% PEG8000 for 6 h. The plants were pretreated with 5 mM dimethyl thiourea (DMTU) for 6 h and then exposed to 20% PEG8000 for 6 h. The plants were pretreated with 5 mM dimethyl thiourea (DMTU) for 6 h, and then exposed to 100 μM ABA treatment for 6 h. Treatment with tungstate or DMTU alone was also used as controls in the experiment. Samples from treated or control plants were frozen in liquid nitrogen and stored at − 80 °C until total RNA extraction and qRT-PCR assay. All of the experiments were repeated at least three times.

Gene expression analysis {#Sec13}
------------------------

Total RNA was isolated from different wheat tissues using the RNAiso plus reagent (TaKaRa, Japan), Realtime PCR and first-strand cDNA synthesis were performed with PrimeScript™ RT-PCR Kit (TaKaRa, Japan), respectively, according to the manufacturer's instruction. Thereafter, Realtime PCR was performed in optical 96-well plates (BIO plastics, Netherlands) with CFX96 Touch Real-Time PCR Detection System (BIO-RAD, USA) using the SYBR Green method. The expression data was analyzed using the 2-^∆∆Ct^ method. Experiments were repeated at least three times with biologically independent samples. The primers used in this assay were listed in Additional file [3](#MOESM3){ref-type="media"}: Table S1.

Plant transformation {#Sec14}
--------------------

To generate transgenic Arabidopsis plants, the 1014 bp open reading frame of *TaGAPC1* was amplified from wheat cDNA by PCR and cloned into the vector pCAMBIA1302. Arabidopsis plants were transformed using the flower dip method and selected on 1/2 Murashige & Skoog (MS) medium containing 30 μg/mL hygromycin. The hygromycin-resistant T1 seedlings were verified by PCR analysis using specific primers (Additional file [1](#MOESM1){ref-type="media"}: Figure S1A) Homozygous T3 seeds were used for experiments.

Stress tolerance of transgenic Arabidopsis plants {#Sec15}
-------------------------------------------------

Wild-type and transgenic lines were used for drought tolerance analysis. The seeds were sown on 1/2MS medium containing 30 μg/mL hygromycin for 1 week at 23 °C under a 16 h light/8 h dark cycle. Seedlings similar at growth states were then transplanted into containers filled with soil and watered regularly for 2 weeks. Three-week-old plants were subjected to water withholding for 25 days. One hundred seedlings from each line or control were used to detect survival after 25 days of detained water in one repetition. After 15 days of withholding water, the aboveground parts of seedlings were harvested to measure the contents of H~2~O~2~ and MDA and the activities of POD and SOD and stomatal aperture.

Analyze of MDA, H~2~O~2~ and antioxidant enzyme activity {#Sec16}
--------------------------------------------------------

Chlorophyll extraction and measurement were performed after extraction in 80% acetone as previously described. Samples were subjected to pigment extraction solution (80% (v/v) acetone, at pH 7.8) for 12 h at 4 °C. The absorbance was read at 663 nm, 647 nm and 537 nm. MDA content was measured by a thiobarbituric acid (TBA) assay as described by Heath & Packer \[[@CR39]\]. Samples (0.07 g) were homogenized in a 1 ml 10% (w/v) trichloroaceticacid (TCA) solution on ice. Then the supernatant was collected after centrifuging at 10000хg for 10 min at 4 °C. Next, 400 μL TBA solution (10% (w/v) TCA containing 0.5% TBA (w/v)) was added to a 400 μL supernatant. The mixture was boiled for 30 min in 100 °C water bath. The content of MDA was calculated from the absorbance at 532 nm, 600 nm and 450 nm after centrifugation at 10000хg for 5 min. RWC was measured according to Barr & Weatherley \[[@CR40]\]. RWC was calculated from the equation: RWC (%) = \[(FW - DW)/(TW - DW)\]х100. Fresh weight (FW) of samples was recorded. Afterwards, leaf samples were soaked in distilled water at room temperature for 24 h and were recorded as turgid weight (TW). The samples were then dried (80 °C for 24 h) to obtain the total dry weight (DW).

Nitrotetrazolium blue chloride (NBT) was used to detect O^2−^ \[[@CR41]\]. Briefly, Samples were incubated in NBT solution (0.5 mg mL^− 1^ NBT) for 8 h in the dark. Then, chlorophyll was removed using 70% ethanol. NBT polymerization at the site of O^2−^ accumulation produced in a dark blue polymer. H~2~O~2~ content was measured by a KI assay \[[@CR39]\]. Samples (0.1 g) were homogenized in a 1 mL 10% (w/v) trichloroaceticacid (TCA) solution on ice. Then the supernatant was collected after centrifuging at 12000хg for 30 min at 4 °C. Next, 400 μL KH~3~PO~4~ solution and 800 μL 1 M KI solution were added to the 400 μL supernatant. The content of H~2~O~2~ was calculated from the absorbance at 390 nm.

Enzyme extraction and measurement were performed as Polle described \[[@CR42]\]. For SOD activity, the reaction mixture (100 mM phosphate buffer at pH 7.8, 75 μM nitro blue tetrazolium, 13 mM methionine, 0.1 μM EDTA, 2 μM riboflavin) and enzyme extraction were added to the tube. The tube was shaken with 5000 Lx illuminating for 20 min, and then the absorbance was read at 560 nm. The enzyme activity was expressed as U/g fresh weight. The activity of POD was determined using guaiacol. The enzyme extraction was added to the reaction mixture (0.2 M phosphate buffer at pH 6.0, 50 mM guaiacol, 2% H~2~O~2~). The absorbance was read at 470 nm.

Stomatal aperture measurement {#Sec17}
-----------------------------

For the drought-induced stomatal aperture measurements, leaves in the same position on the plant grown for 15 days without water were sampled, and stomata on the leaf were immediately photographed. Stomata of each exfoliated epidermis were photographed using a light EX30 microscope, and the stomatal aperture was measured by Image J software. Stomatal aperture values are presented as means from at least 50 stomata in one repetition.

Activity analyze of the TaGAPC1 promoter in tobacco {#Sec18}
---------------------------------------------------

The *TaGAPC1* promoter sequence was inserted into the pC0390-GUS vector and PC0390-RUC to generate recombinant plasmids and then the plasmids were transformed into tobacco leaves by Agrobacterium. The GUS activity was measured with histochemical assays as previously described \[[@CR43], [@CR44]\]. A luciferase assay was performed using the Dual-Luciferase Reporter Assay System (Promega) on a GloMax 20/20 Luminometer (Promega) according to the manufacturer's instructions and our previous descriptions \[[@CR45], [@CR46]\].

Yeast one-hybrid screening {#Sec19}
--------------------------

Fragments of the *TaGAPC1* promoter were cloned into plasmid pAbAi to screen the wheat cDNA library. The Yeast One-Hybrid system was performed using the Matchmaker Gold Yeast One-Hybrid Library Screening System from Clontech as recommended by the manufacturer.

EMSA {#Sec20}
----

An electrophoretic mobility shift assay (EMSA) was performed as previously described with modifications \[[@CR47], [@CR48]\]. A total of 40 ng of a 40 bp double stranded probe and 1 μg of purified TaWRKY40 were used in the EMSA reactions. After incubation at room temperature for 30 min, the samples were loaded onto a 6% native polyacrylamide gel and the gel was post-stained with Invitrogen™ SYBR™ Safe DNA Gel Stain and imaged using a BioRad's gel documentation system to detect DNA.

Statistical analysis {#Sec21}
--------------------

The results of physiological measurements presented are the means of three independent experiments (biological replicates) analyzed by the SPSS software (IBM analytics, NY, USA). Student's t-test was performed to determine their significance by LSD at 0.05 probability level.

Supplementary information
=========================

 {#Sec22}

**Additional file 1: Figure S1.** Detection of transgenic plants. (A) Diagram of the 35S:TaGAPC1 constructs. The primers, pr1, pr2 and pr3, used to analyze TaGAPC1 in transgenic Arabidopsis plants were shown. (B, C) PCR analyze of *TaGAPC1* overexpressing transgenic Arabidopsis. **Additional file 2: Figure S2.** *TaWRKY40* expression in response to abiotic stresses in wheat. Error bars indicate ±SD (*n*=3, from three technical replicates). Significant differences were assessed with one-sided paired t-tests (\*, *P* \< 0.05; \*\*, *P* \< 0.01). Three biological replicates were performed. Data were derived from experiments that were performed at least three times with similar results, and representative data from one repetition were shown. **Additional file 3: Table S1**. Primer and probe sequences used in this study. **Additional file 4: Table S2**. Basic local alignment search tool (BLAST) result for potential candidate interacting proteins with *TaGAPC1* promoter in cDNA wheat library.

EMSA

:   Electrophoretic mobility shift assay

GAPC

:   Glyceraldehyde-3-phosphate dehydrogenase in cytoplasm

GAPDH

:   Glyceraldehyde-3-phosphate dehydrogenase

qRT-PCR

:   Quantitative real time polymerase chain reaction

Y1H

:   Yeast one-hybrid
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